L
ung damage due to bacterial infection remains the main cause of morbidity and mortality in cystic fibrosis (CF). 1 The lungs of patients with CF become colonised in early infancy with micro-organisms such as Staphylococcus aureus and Haemophilus influenzae, which may damage epithelial surfaces, leading to increased attachment of and eventual replacement by Pseudomonas aeruginosa (PA). 2 Once acquired, PA will invariably colonise the patient for life. The virulence and longevity of PA infections can be attributed to a number of factors including biofilm formation in the lung. 1 In recent decades, Burkholderia cenocepacia (BC) (formerly B cepacia genomovar IIIa) has also been identified as an important lung pathogen eliciting a range of disease states from asymptomatic carriage to the lethal ''cepacia syndrome''. 3 Colonisation with both these micro-organisms is detrimental to the patient; however, pulmonary colonisation by BC is observed to lead to an accelerated decline in lung function. The mechanism by which BC causes this deterioration is unclear and, although virulence factors have been identified, none appear to account for its pathogenicity. [4] [5] [6] In the lungs, neutrophils are important in innate defence against infection, preventing spread of micro-organisms by phagocytosis and release of toxic agents such as proinflammatory cytokines, proteases, and reactive oxygen species. 7 In a healthy lung inflammation resolves naturally and the tissue returns to normal. 8 In CF, however, inflammation is characterised by a severe and sustained neutrophil mediated response. It has been hypothesised that this persistent inflammatory response and abnormal accumulation of cells may arise from failure or inefficiency of the mechanisms responsible for resolution of inflammation and restitution of tissue homeostasis-that is, apoptosis and subsequent clearance by macrophages. 9 Apoptosis is a granulocyte clearance mechanism which limits tissue injury; in contrast to necrosis, granulocyte secretory processes are shut down and the intact senescent neutrophil is removed by macrophages using phagocytic recognition mechanisms and triggering release of anti-inflammatory mediators. 9 Secondary necrosis of apoptotic cells is likely to occur if phagocytic clearance is disrupted resulting in amplification of inflammation. 9 The apoptotic pathway is susceptible to modulation by cytokines, implying active control of cell death during the course of inflammation in vivo. 10 Evidence also exists to suggest that pathogens may have the capability to modulate apoptosis. [11] [12] [13] [14] PA secretes a phenazine pigment exotoxin called pyocyanin which has pro-apoptotic effects on neutrophils in culture. 12 Hemolysin, a toxin produced by BC, is also capable of inducing apoptosis and degranulation of mammalian phagocytes. 13 It has previously been shown that, in CF patients who are clinically stable, levels of inflammatory markers are higher than in a matched non-CF population. 15 There is not such a clear pattern between levels of inflammation and various different infecting organisms. In this study we have examined the relationship between neutrophil cell death, activation, inflammatory mediator levels, and sputum microbiology in matched clinically stable CF patients.
METHODS

Patients
Thirty four clinically stable patients with CF participated in the study. A diagnosis of CF was confirmed by a typical phenotype, genotype and/or sweat test. A cross sectional sample of CF patients was recruited matched as closely as possible for lung function, age, sex, and genetics (table 1) . No power calculation was done before the study. A blood sample was also taken for measurement of C-reactive protein (CRP) concentrations, white cell count, and neutrophil count. Informed written consent was obtained from all patients. The study was approved by the ethics committee of The Queen's University of Belfast and carried out in accordance with the Declaration of Helsinki (1989). Informed written consent was obtained from all patients.
Sputum microbiology
Patients were categorised as follows into four groups based on their microbiological status over the preceding 12 months and where the patients continued to culture the same organism during the study period as in the previous 12 week period: (1) P aeruginosa (PA) group where patients had been chronically colonised with PA for at least 12 months before commencement of the study; (2) B cenocepacia (BC) group where patients had been chronically colonised with B cenocepacia for at least 12 months before commencement of the study; (3) no Gram negative growth (NGN) where patients had no significant bacteria noted for at least 12 months before commencement of the study; and (4) other Gram negative group (OGN) where patients had been colonised with other Gram negative organisms for at least 12 months before commencement of the study (predominantly Stenotrophomonas maltophilia) and in the absence of PA and BC.
Sputum induction
Sputum induction was performed using the Sonix 2000 nebuliser (Clement Clarke International Ltd, Harlow, UK), adapting methods described by Pavord et al. 16 17 In brief, 3% saline was nebulised for 20 minutes. Forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC) (Vitalograph) and their reversibility to salbutamol were determined by spirometry according to ATS standards. Oxygen saturation and pulse rate were recorded throughout (Sat-Trak pulse oximeter; SensorMedics, Bilthoven, The Netherlands). Nebulisation was stopped if FEV 1 fell by .20% at any stage. If this occurred, salbutamol (200 mg) was administered as necessary. Sputum was collected in a sterile plastic pot placed on ice.
Sputum processing
Sputum samples were processed within 2 hours. The total weight of the sample was recorded. Sputum plugs were selected and processed, adapting methods described by Pavord et al. 16 17 The supernatant was removed from the cell pellet and stored at 270˚C for future analysis. Cell viability was determined by the trypan blue exclusion method. Cytospin slides were made and stained with Diff Quik (Clin-Tech Ltd, Essex, UK). Concentrations of interleukin (IL)-6, IL-8 and IL-10 in the supernatant were measured using a quantitative sandwich immunoassay (Pelikine Compact ELISA kits). Neutrophil elastase (NE) was measured using a quantitative continuous (kinetic) assay. 18 Sputum was cultured for identification of major pathogens using routine microbiological methods as outlined by the United Kingdom Cystic Fibrosis Trust. 19 C-reactive protein (CRP) was measured by nephelometry.
Flow cytometry
Cell suspensions (1610 6 cells/ml) were washed twice with phosphate buffered saline/1% bovine serum albumin (PBS/ 1% BSA) and resuspended in the binding buffer supplied with the annexin V-FITC (fluorescein isothiocyanate) (Pharmingen). Cell suspensions were then labelled with annexin V-FITC (AV) and propidium iodide (PI) or antihuman monoclonal CD66b-FITC (BD PharMingen). Sputum cells were gated on a granulocyte population using a forward scatter and side scatter plot. Negative controls consisted of omission of AV and PI, as positive controls are not readily accessible for apoptosis detection. Mouse IgM k isotype control was used in flow cytometric assessment of CD66b. To eliminate cellular debris from the analysis, the discrimination level was set at 100. Analysis of samples was performed using the Immuno 4 software programme which involved subtraction of negative controls from positive samples. Flow cytometry was performed as previously described. 20 Morphology Cytospin slides were also prepared from sputum and evaluated by light microscopy for the presence of apoptotic cells. In order to evaluate the proportion of apoptotic cells in neutrophils recovered from sputum, at least 500 neutrophils were graded for apoptosis on each cytospin slide. Cells showing typical features of apoptosis such as nuclear chromatin condensation, nuclear coalescence, and cell shrinkage were considered apoptotic. 21 
Statistical analysis
Results are reported as median values with interquartile range. Data were analysed using a Kruskal-Wallis one-way ANOVA which, if significant, was followed by non-parametric Mann-Whitney two sample (non-matched) tests. A p value of ,0.05 was considered statistically significant. When the measured mediator concentration was below the detection limit of the assay, a value equal to the detection limit of the assay was substituted in the statistical analysis. Statistical analysis was performed using SPSS Version 11.5 for Windows.
RESULTS
Thirty four patients with CF completed the study (10 with PA infection, 10 with BC infection, nine NGN, and five OGN); their demographic data are shown in table 1. There were no significant differences in lung function (% predicted p = 0.4 or litres, p = 0.8) or age (p = 0.1) between any of the groups studied when analysed using a Kruskal-Wallis one way ANOVA.
CRP, blood neutrophils, and white cell counts There were no significant differences in CRP levels, blood neutrophils (610 9 cells/l), and total white cell counts between any of the four patient groups (p = 0.21, p = 0.439 and p = 0.213, respectively, Kruskal-Wallis test; table 1). 
Sputum cell counts
Apoptosis and activation
There were no significant differences in the percentage of apoptotic (AV+PI2) granulocyte numbers as measured by Annexin V staining or morphology in each of the four patient groups studied (Kruskal-Wallis p = 0.8 and p = 0.4, respectively; figs 2 and 3). As previously reported, 20 a lower proportion of apoptotic cells was detected by light microscopy than by flow cytometry. This is probably due to the different stages of apoptosis measured by the two methods. 22 23 There were no significant differences in necrotic (AV2PI+) granulocyte numbers in each of the patient groups studied 
Supernatant mediators
The concentrations of IL-8 (ng/ml) in sputum sol were significantly higher in patients infected with PA (KruskalWallis, p = 0.03, median (IQR) 145.4 ng/ml (75.3-337.3)) and BC (median (IQR) 166.3 ng/ml (7-209.9)) than those in the NGN group (median (IQR) 13.2 ng/ml (7.3-128.4), p = 0.01 and p = 0.01; fig 5) . There were no significant differences between the groups in levels of IL-6 (pg/ml) or IL-10 (pg/ml) (Kruskal-Wallis ANOVA, p = 0.58 and p = 0.12, respectively; fig 6) . Three anomalous points have been omitted from the IL-6 figure to allow easier comparison of levels between groups; the omissions are as follows: P, 1927.4 ng/ml; N, 3043.09 ng/ml; O, 3366.15 ng/ml. Removal of the anomalous points did not alter the statistical findings. The concentration of NE (mg/ml) in sputum sol was significantly increased in patients infected with PA (Kruskal-Wallis, p = 0.02, median (IQR) 35.2 mg/ml (14.4-96.0)), BC (median (IQR) 62.4 mg/ml (16.6-96.8)), or OGN (median 49.4 mg/ml, no IQR) compared with the NGN group (median (IQR) 9.6 mg/ml (3.5-29.2), p = 0.02, p = 0.01, p = 0.03 respectively; fig 7) . Sputum sol levels of IL-8 were positively correlated with NE levels (R = 0.60, p,0.0001).
DISCUSSION
The main aim of this study was to compare levels of sputum neutrophil apoptosis, necrosis, and activation in four groups of clinically stable CF patients matched as closely as possible for age, sex, and lung function who were colonised with micro-organisms commonly found in the CF lung. A power calculation was not performed before commencement and this is a recognised limitation of this study. We also determined levels of the inflammatory mediators IL-6, IL-8, IL-10, NE, and cell numbers in sputum, our hypothesis being that levels of apoptosis and necrosis may be modulated by the dominant micro-organism colonising the lung and hence influence the inflammatory milieu of the lung. We found significant differences in levels of cell death, cytokine production, and cell counts in sputum between patients infected with Gram negative organisms (PA and BC) and those without Gram negative infection. We did not find significant differences in these inflammatory markers between patients infected with PA and those infected with BC, which suggests that the inflammatory reaction provoked by these two micro-organisms is similar. This is the first study to compare levels of neutrophil cell death and inflammatory markers in sputum samples from clinically stable patients with CF colonised with different lung pathogens. Levels of necrotic (AV+PI+) neutrophils were very similar between the groups studied, with no significant variations observed. Patients infected with PA or BC had a significantly lower number of viable (AV2PI2) granulocytes in sputum than those with no Gram negative infection. When neutrophils are recruited to a site of infection, their life span is extended by the actions of pro-inflammatory cytokines and death is then induced as a consequence of phagocytosis of microbes and activation of microbicidal mechanisms. 24 This induction of death as a result of microbe ingestion provides a probable explanation for the lower numbers of viable neutrophils observed in the infected groups. Induction of neutrophil death following phagocytosis may be limited in patients infected with organisms such as PA, which can successfully resist neutrophil phagocytosis by switching from a non-mucoid variant to a mucoid phenotype by forming large exopolysaccharide coated microcolonies after onset of infection. 25 This biofilm formation then results in frustrated neutrophil phagocytosis. 25 The mean level of apoptosis (AV+PI2) observed in the sputum of patients with CF was around 20% when analysed by annexin V staining. This is in agreement with levels observed in CF sputum by Vandivier et al. 26 There were no significant differences in levels of apoptotic granulocytes between the groups studied. A trend for higher median levels of apoptosis was observed in the PA and BC groups than in the NGN group when apoptosis was assessed by flow cytometry and morphology, although this did not reach statistical significance.
The percentage of secondary necrotic granulocytes was significantly higher in patients colonised with PA and BC than in the NGN group. Secondary necrosis of apoptotic cells is likely to occur if phagocytic clearance is rendered ineffective. Phagocytic clearance may be ineffective for a number of reasons including a lack of mature inflammatory macrophages, overwhelming of the clearance system by massive waves of apoptosis, or failure of phagocytic recognition systems. 9 If clearance is slower than rates of transition of apoptotic to secondary necrotic, the increase in rates of apoptosis might be translating into the significant increase observed in secondary necrosis. Secondary necrosis of neutrophils exacerbates the inflammatory response and results in further tissue damage. BC and PA have both been shown to induce neutrophil apoptosis through the production of the toxins hemolysin and pyocyanin, respectively. 12 13 Induction of non-inflammatory apoptosis may prove advantageous to the infecting microbe; however, extensive tissue damage exists in patients infected with PA or BC, which suggests that excessive apoptosis overwhelms phagocytic clearance resulting in secondary necrosis. Levels of pyocyanin or hemolysin were not measured in this study.
Apoptosis is an intrinsic process, however; it can also be modulated by cytokines such as IL-8 which has been shown to delay spontaneous apoptosis of neutrophils in a dose dependent manner. 27 Levels of IL-8 were significantly higher in patients infected with PA and BC than in NGN patients, although this was not coupled with significantly lower levels of apoptosis in these patients. However, IL-8 also acts as a major neutrophil chemoattractant and, indeed, increased neutrophil numbers were observed in the PA and BC patient groups. The number of neutrophils (610 6 /g sputum) was significantly higher in the PA and BC groups than in the NGN group. However, the number of macrophages (610 6 /g sputum) was not significantly different between the four groups studied. An increase in neutrophil numbers without an accompanying increase in macrophage numbers may have an adverse effect on the efficiency of clearance of apoptotic cells. This may contribute to the significantly higher levels of secondary necrotic cells observed in the PA and BC groups. The total number of cells/g sputum isolated did not differ significantly between any of the CF groups recruited. It is interesting to note that, even though patients with no Gram negative infection remain relatively well, neutrophil infiltration of the lung is still observed at levels comparable with patients infected with major lung pathogens.
As previously mentioned, clearance is a critical feature of the apoptotic process, providing deletion of large numbers of neutrophils while preserving the structure and function of surrounding tissue. 28 Exposure of phosphatidylserine (PS) on the outer leaflet of the plasma membrane is a well recognised surface change which occurs early in the apoptotic process. 29 30 PS expression coupled with the dominant role of the PS receptor suggests that interaction between the two plays a crucial role in uptake of apoptotic cells. 26 31 Cleavage of the PS receptor by NE specifically disrupts phagocytosis of apoptotic cells. 26 Our data show significantly increased levels of NE in the sputum sol of patients infected with PA and BC, although we found no correlation with the percentage of secondary necrotic cells present in the sputum. Decreased neutrophil clearance has also been observed as a consequence of the induction of macrophage apoptosis in the presence of tumour necrosis factor a and increased levels of sodium chloride, resulting in conditions of hyperosmolarity. 32 This may partially explain the persistence of inflammation in CF through impairment of macrophage clearance of neutrophils.
CD66b is a membrane bound glycoprotein involved in neutrophil migration and activation; it is present in the intracellular membrane of different subsets of cytoplasmic granules which, during cellular activation, become mobilised resulting in increased expression on the cell surface. 33 Kinhult et al 34 have demonstrated a marked increase in the expression of CD66b on the cell surface of neutrophils following their migration from the bloodstream to the nasal mucosa. We used CD66b as a marker to assess neutrophil activation in each of the study groups. All of the CF patients studied had high levels of CD66b expression as assessed by flow cytometry. Neutrophils from patients infected with PA or BC expressed significantly higher levels of CD66b, probably as a direct result of the presence of bacterial products in the lung.
Activated neutrophils release large quantities of NE which directly damages the airways through the digestion of elastin and other structural proteins in addition to cleaving opsonins and receptors necessary for phagocytosis. 35 As a result, opsonophagocytosis and killing of PA and other CF related pathogens such as S aureus and H influenzae has been found to be markedly impaired. 25 NE also stimulates the release of proinflammatory cytokines such as IL-8 and IL-6, increased levels of which are seen in the CF lung. [36] [37] [38] Once again the significantly higher levels of IL-8 and NE observed in the PA and BC groups compared with the NGN group may be related to higher levels of neutrophil activation in these groups, or the higher levels of cytokines and proteases observed may result from secondary necrosis. In contrast to this, the levels of IL-10 measured in all the groups were very low, and this is hypothesised to contribute to the development of chronic airways inflammation. 39 PA and BC infection produced very similar results in terms of levels of cell death and inflammatory mediator production during clinical stability. This study does not provide any obvious explanation for the rapid deterioration seen in patients with BC. How similar these levels would remain during an infective exacerbation remains to be investigated. The role of the epithelium in driving this deterioration may be important. It has been shown that extracellular products of BC stimulate the respiratory epithelium to produce IL-6, IL-8 and prostaglandin E 2 , suggesting that the interaction between the respiratory epithelium and secreted bacterial products is important. 40 The results of this study suggest that cell death pathways in patients infected with PA and BC may be impaired. Whether this occurs as a result of altered apoptotic rate or impaired macrophage clearance requires further investigation. Patients with no Gram negative infection were shown to have high levels of neutrophil infiltration, neutrophil activation, and inflammatory mediators in their induced sputum, indicating that, even in the absence of major lung pathogens, these CF patients have an exaggerated inflammatory response. It remains controversial whether excessive lung inflammation is an intrinsic property of the CFTR defect or whether it is secondary to the unique environment of the CF lung. 41 A vicious cycle of infection and inflammation occurs in CF which makes it difficult to assess the dynamic sequence of events which is cell death and clearance, leaving a number of questions unanswered. Which cells cause more damage to the lung-activated viable cells or necrotic and secondary necrotic cells? Where does the equilibrium between neutrophil apoptosis and macrophage clearance become dysregulated? The use of induced sputum gives the advantage of providing physiologically true samples of the inflammatory milieu of the CF lung; however, it is very difficult to measure the dynamics of cell clearance within these samples. It is therefore problematic to assess whether apoptosis is inhibited or accelerated in patients infected with PA and BC compared with NGN patients or whether phagocytic clearance mechanisms have been impaired.
Inflammation in the CF lung-like other chronic lung diseases-involves a number of pro-inflammatory pathways and an apparent dampening of the anti-inflammatory pathway. In the CF lung, inflammatory markers are apparent even in the absence of major pathogens such as PA and BC. In the presence of infection this response is heightened further, as shown by increased neutrophil activation and higher levels of inflammatory mediators, which suggests that CF neutrophils may have limited capability in restricting their response to infection. These results suggest that cell death and clearance may be altered in patients with CF who are colonised with PA and BC compared with those with no Gram negative infection.
